The demands in cellular radio systems to provide maximum dynamic range in uplinks, are very high. To achieve as large a dynamic range as possible, amplifiers, fibre-optic components and electronically controllable attenuators have to be very linear. In this Letter, we present a model for analysing intermodulation (IM) in RF amplifiers, or other nonlinear systems such as narrowband links, and guidelines for the optimal choice of low cost linear amplifiers based on basic data sheet parameters. In narrowband communication links the nonlinearity is characterised essentially by the 2 ω 1 -ω 2 or 2 ω 2 -ω 1 IM product. It is commonly designated as a third order IM. In absolute terms this is not the case, because the amplifier nonlinearity is not purely third order. For low signals the 2 ω 1 -ω 2 or 2 ω 2 -ω 1 , the IM is actually of third order. If the input signal of the amplifier exceeds a certain limit however, fifth or even higher order components influence these IM products. The resulting P IN -IM curve does not have a constant slope of 3, as expected, but just above a certain limit, the slope is > 3 due to the amplifier's fifth order nonlinearity.
Introduction:
The demands in cellular radio systems to provide maximum dynamic range in uplinks, are very high. To achieve as large a dynamic range as possible, amplifiers, fibre-optic components and electronically controllable attenuators have to be very linear. In this Letter, we present a model for analysing intermodulation (IM) in RF amplifiers, or other nonlinear systems such as narrowband links, and guidelines for the optimal choice of low cost linear amplifiers based on basic data sheet parameters. In narrowband communication links the nonlinearity is characterised essentially by the 2 ω 1 -ω 2 or 2 ω 2 -ω 1 IM product. It is commonly designated as a third order IM. In absolute terms this is not the case, because the amplifier nonlinearity is not purely third order. For low signals the 2 ω 1 -ω 2 or 2 ω 2 -ω 1 , the IM is actually of third order. If the input signal of the amplifier exceeds a certain limit however, fifth or even higher order components influence these IM products. The resulting P IN -IM curve does not have a constant slope of 3, as expected, but just above a certain limit, the slope is > 3 due to the amplifier's fifth order nonlinearity.
Intermodulation in narrowband system: The amount of IM in an RF amplifier for weak input signals can be calculated if its third order intercept point is given. In doing so, we assume that the IM curve has a slope of 3. This estimation is no longer valid if the signal exceeds a certain limit. For the RF designer it is essential to know this limit. It is particularly useful for high dynamic range amplifiers in subcarrier multiplexing systems with relatively low output powers where the IM is low, but only for signals which are low enough [1] .
We have derived a formula to determine this limit. Using this formula we can calculate the maximum output power below which the 2 ω 1 -ω 2 or 2 ω 2 -ω 1 IM is purely of third order, and below which we can use the third order intercept point to estimate the IM. The model can also be used to estimate the influence of the fifth order nonlinearity on these IM products just above the limit. The limit is determined by two amplifier parameters available from the data sheet: the third order output intercept point ( OIP 3 ) and the 1dB compression point ( P 1 D B ).
The OIP 3 validity limit of the output power per carrier is a very important design parameter for low cost high dynamic range links in multicarrier systems. Usually the circuit is designed by specifying its gain and OIP 3 . For a given OIP 3 the OIP 3 validity limit depends on
Theory: We start our analysis by using a fifth order polynomial for the relationship between the input and output voltage of the amplifier:
We can calculate signal, IM and harmonic products of the amplifier output for two input signals, both of amplitude A and angular frequencies ω 1 and ω 2 , respectively, using eqn. 1 and the multi-nomial theorem [2] with p = 2:
For the 2 ω 1 -ω 2 IM at the output we find then:
whereas the output signal at angular frequency ω 1 caused by the first, third and fifth order term of eqn. 1 at one tone input with amplitude A is The IM at 2 ω 1 -ω 2 as well as the signal (gain compression) are influenced solely by odd order nonlinearities because they are products at odd frequencies ( m ω 1 + n ω 2 , where m and n are integers and | n | + | m | = 1, 3, 5, ...). The term containing a 1 is due to the gain and the a 3 and a 5 terms are the third and fifth order gain compression, respectively. Now the amplifier gain (eqn. 4, omitting the a 3 and a 5 terms), OIP 3 (eqn. 3, omitting the a 5 term) and P 1 D B (eqn. 4) can be expressed by the a coefficients. Solving these expressions for the a coefficients in a 50 Ω system gives The two parts of eqn. 3 are compared, and we define that if the fifth order part is smaller than the third order part by x dB, we reach the limit of pure third order IM. The resulting formula for the output signal power at that point in dBm is ( P 1 D B and OIP 3 in dBm):
where Fig. 1 shows a plot of eqn. 6 for x = 10dB which is fundamental because it is valid for every amplifier independent of its gain. This curve can be approximated by a plane (last term of eqn. 6 omitted) for OIP 3 -P 1 D B > 15dB. It can be seen from Fig. 1 that there is a fundamental lower limit for the difference OIP 3 -P 1 D B at approximately 10dB. If the difference is higher, there is no more compression but expansion. For a given OIP 3 , the limit of its applicability is higher for a higher P 1 D B . Modern small signal FET or HBT RF amplifiers are very linear up to saturation and therefore have a high OIP 3 but a low P 1 D B . For that reason they are suited to high dynamic range applications only if the signal level is low enough or if the number of carriers in a subcarrier multiplexing link is low. If higher output levels are needed or many carriers have to be transmitted, an amplifier with at least the same OIP 3 but a higher P 1 D B has to be chosen. Common bipolar amplifiers usually have a difference OIP 3 -P 1 D B of 11dB whereas modern HBT MMIC amplifiers can have 17dB or more [1] . If the difference is small, the influence of the fifth order nonlinearity is small. Fig. 2 shows the measured and calculated IM and signal at the output of an amplifier. Calculated (from data sheet parameters) and measured useful ranges of the OIP 3 definition are practically the same. The difference is mainly due to the fact that the measured gain is ~1dB smaller than the typical data sheet value. The prediction of the limit of pure third order IM by eqn. 6 is quite reasonable. If guaranteed data sheet values are used, a worst case estimate can be made. The formula is a good means of estimating the performance of an amplifier with given data sheet parameters. These considerations are valid for frequencies below the amplifier's cutoff frequency. For higher frequencies a more sophisticated model has to be developed using, for instance, the Volterra theory of nonlinear systems [3] . 
Comparison with measurements:

